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Label-free immunosensor based on amine-functionalized carbon nanotubes screen-printed electrode is
described for detection of the cardiac troponin T, an important marker of acute myocardial infarction. The
disposable sensor was fabricated by tightly squeezing an adhesive carbon ink containing carbon
nanotubes onto a polyethylene terephthalate substrate forming a thin film. The use of carbon nanotubes
increased the reproducibility and stability of the sensor, and the amine groups permitted nonrandom
immobilization of antibodies against cardiac troponin T. Amperometric responses were obtained by
differential pulse voltammetry in presence of a ferrocyanide/ferricyanide redox probe after troponin T
incubation. The calibration curve indicated a linear response of troponin T between 0.0025 ng mL~! and
0.5ngmL~!, with a good correlation coefficient (r=0.995; p < 0.0001, n=7). The limit of detection
(0.0035 ng mL~! cardiac troponin T) was lower than any previously described by immunosensors and
was comparable with conventional analytical methods. The high reproducibility and clinical range
obtained using this immunosensor support its utility as a potential tool for point-of-care acute

myocardial infarction diagnostic testing.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Human cardiac troponin T (cTnT) is a sensitive and specific
marker of cardiac injury that is regarded as the gold standard
marker in the diagnosis of acute myocardial infarction (AMI). The
detection of ultra-low levels of cTnT during early stages of cardiac
disease facilitates the risk stratification and prognosis of the heart
damage. The blood cTnT concentration rises rapidly within 3-4 h
after AMI onset [1-3] and can be analyzed in the laboratory using
several well-established enzymatic immunoassays based on reac-
tions with chromogenic [4] and chemiluminescent substrates [5].
Point-of-care testing for ¢TnT could provide a potential analytical
tool to reduce the turnaround time for assay compared with
currently methods. Immunosensor technology offers a practical
and simple immunoassay method for the determination of cTnT in
the emergency departments.

Although immunosensors based on optic [6-9] and piezo-
electric [10-12] transductions have been widely described for
label-free cTnT detection, they are not suitable for point-of-care
testing because they require more complex instrumentations
and laborious manufacturing procedures, besides they are more
expensive and difficult to miniaturize. Electrochemical transducers
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employing screen-printed electrodes (SPEs) have emerged as
appropriate for point-of-care testing. These transducers are easily
adaptable for in mass production, disposable and interchangeable
with other biosensors, such as popular enzymatic glucometers
[13,14]. Another advantage exhibited by the SPEs is their versatility
to obtain electrodes with modifications in size and thickness by
simple changing squeezing pressure, resulting in electrodes more
sensitive and exhibiting improved electrochemical proprieties.
The cTnT detection in human serum by using electrochemical
immunosensors has been possible by some authors [15-18].
However, the requirement of the electroactive species like the
peroxidase enzyme that are dependent on Michaelis—-Menten
kinetic limits the immunosensor sensitivity. Moreover, the neces-
sity for additional biochemical steps, including conjugated anti-
body incubations and reactions with specific substrates, increases
the analysis time [19]. Recently reports have described label-free
immunosensors that use voltammetric techniques, such as differ-
ential pulse voltammetry (DPV) [20,21]. This technique measures
current by generating successive and regular voltage pulses super-
imposed on the potential linear sweep or stair steps. The current
in an immunosensor is changed by antigen-antibody coupling on
the electrode surface altering the mass transfer (i.e., electronic
diffusion). At high potentials, DPV is limited by the high back-
ground current that hinders mass transfer and leads to a reduction
in the accuracy of the amperometric response [22]. In attempting
to overcome these difficulties some nanomaterials have been



432 B.V.M. Silva et al. / Talanta 117 (2013) 431-437

proposed increasing the accuracy of immunosensors. Carbon
nanotubes (CNTs) have attracted considerable attention due to
their extraordinary properties, including their ability to mediate
the electron-transfer reactions and to increase electrode surface
area [23]. Gomes-Filho et al. [17] have proposed CNTs as alter-
native suggestion for the detection of serum cTnT with low limit of
detection (LOD), although the conjugation of peroxidase to anti-
cTnT was necessary to obtain the amperometric signal.

CNTs have been commonly deposited onto an electrode surface
by simple adsorption [24] or assembled on a polymeric film [17].
However, these strategies are associated with instabilities in the
response because the CNTs can leach during the measurement
process. When the CNTs are incorporated into the sensor matrix
(i.e., by forming nanocomposites), it is easier to control the
amount of the CNTs used and to minimize their loss. Additionally,
this procedure has advantage to be a one-step preparation method
[25] and to dispense the use of electron-transfer mediators [26],
beside CNTs act as anchors for an optimal biomolecules immobi-
lization. Due to their facility to be functionalized with amine
groups antibodies should be immobilized by Fc portion in order to
expose the Fab sites to the epitopes [27]. In this study, amine
functionalized CNTs were incorporated into the ink printing used
to fabricate SPEs (CNT-SPE). A stable and oriented immobilization
of antibodies combined with the electrochemical advantages of
the CNTs allowed a rapid detection of cTnT. No labels were
necessary when the antigen-antibody interactions were measured
by applying DPV. The method described herein involves a straight-
forward preparation process and represents an advancement in
the adaptation of SPEs point-of-care testing.

2. Materials and methods
2.1. Reagents and patient samples

Native cTnT purified from human cardiac muscle tissue was
obtained from Calbiochem (Darmstadt, Germany). Mouse mono-
clonal anti-cTnT was purchased from Abcam (Cambridge,
England). Amine-functionalized, multi-walled, 95% pure CNTs
(NH,-CNTs), were obtained from DropSens (Oviedo, Spain). Potas-
sium ferricyanide (Ks[Fe(CN)g]), potassium ferrocyanide (K4[Fe
(CN)g]), N-hydroxysuccinimide (NHS), N-ethyl-N’-(3-dimethylami-
nopropyl) carbodiimide (EDC), dimethylformamide (DMF), and
glycine were acquired from Sigma-Aldrich (St. Louis, MO, USA).
Carbon ink (Electrodag PF-407C) was purchased from Acheson
(Port Huron, MI, USA) for the fabrication of the CNT-SPEs.
Phosphate-buffered saline (PBS) (10 mmol L=, pH 7.4) used in
all experiments was prepared by dissolving 0.2 g KCl, 8.0 g NaCl,
0.24 g KH,PO,, and 1.44 g Na,HPO, in 1000 mL of deionized Milli-
Q water (from Millipore, units (Bedford, MA, USA). All chemicals
were analytical grade.

Blood serum samples were collected from patients with AMI
who were admitted to the Cardiac Emergency Hospital of Per-
nambuco—PROCAPE (Recife, Brazil). An automatic Elecsys 2010
Immunoassay Analyzer (Roche Diagnostics) was used to quantify
cTnT via an electrochemical chemiluminescence immunoassay
(ECLIA). Samples were stored at —20 °C while not in use during
the electrochemical measurements.

2.2. Apparatus

Electrochemical measurements were performed using an Ivium
CompactStat potentiostat obtained from Ivium Technologies (Eind-
hoven, Netherlands) that was interfaced to a computer system and
controlled by Ivium software. All electrochemical measurements
were made using a three-electrode system comprised of the

CNT-SPE as working electrode, a helical platinum wire as auxiliary
electrode, and an Ag/AgCl electrode as reference. All potentials
given in this work were determined relative to the Ag/AgCl
reference electrode. Electrochemical analyses were carried out
using an electrochemical cell (10 mL) at room temperature (at
approximately 24 °C).

Fourier transform infrared (FT-IR) spectroscopy was performed to
chemically characterize the CNT-SPE. FT-IR measurements were per-
formed in attenuated total reflectance (ATR) mode using an IFS-66
FTIR (scans=50, energy scanning from 400 cm~' to 4000 cm™')
acquired from Bruker (Karlsruhe, Germany).

Atomic force microscopy (AFM) was performed to characterize
the morphology and topography of the CNT-SPE using an
alpha300S AFM obtained from WITec (Ulm, Germany). Images
were acquired in tapping mode using silicon tips at 0.2 Nm™!
constant force.

2.3. CNT-SPE manufacturing

The CNT-SPE was fabricated by tightly squeezing an adhesive
carbon ink containing NH,-CNTs onto a polyethylene terephtha-
late (PET) rectangular surface to form a thin film. Prior to carbon
ink incorporation, the NH,-CNTs (5 mg) were dispersed in 1 mL of
DMF and were immersed in an ultrasonic bath for 4 h until a black
homogeneous suspension was obtained. A plastic mold was affixed
to the rectangular PET surface (0.4 cm x 1.0 cm) to ensure SPEs
with equal printed areas. After fabrication, the electrodes were
cured at 60 °C for 20 min [22]. The manufactured CNT-SPE con-
sisted of a circular area (@=4 mm) joined to a rectangular area
(1 mm x 15 mm), which was used as an electrical contact. Prior to
use, the CNT-SPE was cleaned rigorously by electrochemical
pretreatment with 40 scans, in a potential between 2.0V and
—2.0V in KCI (100 mmol L~ 1) [28].

2.4. Anti-cTnT immobilization

Prior to immobilization, the carboxylic groups of anti-cTnT
antibodies (5 pug mL™!) were activated for 90 min in a solution
of NHS (5mmolL~') and EDC (2 mmol L~!) prepared in PBS
(10 mmol L=, pH 7.4). Afterwards, an aliquot (10 pL) of activated
anti-cTnT antibodies was pipetted onto the CNT-SPE. The anti-cTnT
incubation was maintained in a moist chamber at room tempera-
ture for 60 min. Finally, a glycine solution (50 mmol L~!) prepared
in PBS (10 mmol L', pH 7.4) to block non-specific bindings was
pipetted on the electrode for 45 min (Fig. 1a).

2.5. Electrochemical immunoassay

Antigen-antibody interactions at the interface of the CNT-SPE
were monitored by DPV in real-time (Fig. 1b). DPV measurements
were recorded from 0 V to 0.8 V with a pulse amplitude of 0.025 V,
a width of 0.05s, and a step potential of 0.05V. The analytical
response to cTnT was obtained taking into account the difference
between the peak current (Al) of the CNT-SPE with ¢TnT and the
blank (i.e. without cTnT). The current signals were registered at a
fixed potential (+0.25V).

Immunosensor preparation was characterized by cyclic voltam-
metry (CV) and electrochemical impedance spectroscopy (EIS)
analyses. CVs were scanned from 1.0V to —0.6V at 50 mV s~ .
AC impedance measurements were performed in the frequency
range from 1x10"2Hz to 6.5x 10*Hz in a given open circuit
voltage with an amplitude of 10 mV. All electrochemical measure-
ments were conducted in Ks[Fe(CN)g]/K4[Fe(CN)s] (5 mmol L~1)
prepared in PBS (10 mmol L™, pH 7.4).
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Fig. 1. Schematic representation of the (a) immunosensor fabrication and (b) electrochemical principle of detection.
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Fig. 2. AEp of the eight SPEs with and without NH,-CNT. Inset: CVs of the
electrodes with and without NH,-CNT in presence of the Ks[Fe(CN)g]/K4[Fe(CN)g]
(5 mmol L) prepared in PBS (10 mmol L™ !, pH 7.4) at 50 mV s~ ! scan rate.

3. Results and discussion
3.1. Effect of NH»-CNTs on the SPE

The electrochemical profile of the SPE with and without NH,-
CNTs incorporated into the carbon ink matrix was investigated
initially using CVs. The influence of NH,-CNTs on the redox peak-
to-peak separation (AEp) is shown in Fig. 2. SPEs with NH,-CNT
exhibited a lower AEp (0.38 V) than those without NH,-CNTs
(0.58 V), suggesting greater electron transfer. A lower relative
standard deviation (RSD) was observed in SPEs with NH,-CNTs
(2.1%) in comparison to without NH,-CNTs (8.7%), indicating an
increased reproducibility. Additionally, a higher reversibility of the
redox peaks was obtained with NH,-CNTs, suggesting improved
homogeneity and regularity of the carbon ink film on the electrode
surface [29,27].

FT-IR spectra were used to investigate the modification of the
carbon ink with NH,-CNTs (5 mg mL~'). The FT-IR spectra of the
carbon ink layer without NH,-CNTs are shown in Fig. 3a. The peak
at 3783 cm ! corresponds to the band of hydroxyl groups. The
peaks at 2925cm~! and 2856cm~! reveal asymmetric and
symmetric stretches corresponding to methyl and methylene
groups, respectively. These bands are attributed to the ethylene
glycol ether present in the ink [30]. The peaks at 2385 cm~! and
2301 cm~! are attributed to C-H stretching vibrations of alkyne
groups. After incorporation of the NH,-CNTs in the carbon ink
(Fig. 3b), two peaks were observed at 2925 cm~! and 2856 cm !
corresponding to methyl and methylene groups, respectively [31].
It was also observed the presence of peaks corresponding to amino
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Fig. 3. ATR FT-IR spectra of the SPE (a) without NH,-CNT and (b) with NH,-CNT.

groups at 1444 cm~' and 1368 cm ' that could be attributed to
the presence of NH,-CNTs in the carbon ink [21].

AFM was used to characterize the morphology of the CNT-SPEs.
The topographic surface of the CNT-SPE was characterized by
amorphous structures typical of polymeric films with an average
roughness of 272.5 nm (Fig. 4a). After electrochemical pretreat-
ment, the average roughness decreased to 124.4 nm (Fig. 4b)
due to the removal of impurities and organic contaminants on
the sensor surface. When anti-cTnT antibodies were pipetted
onto the electrode surface (10 pL, 5 pg mL~!) and incubated for
60 min, the average roughness increased to 273.1 nm, confirming
that the anti-cTnT antibodies had been successfully immobilized
(Fig. 4c).

3.2. Immobilization of the anti-cTnT

The amine groups of the CNTs were used to promote a covalent
immobilization of the anti-cTnT antibodies via amide bonds. For
this procedure, the Fc terminal of the anti-cTnT antibodies were
activated by EDC/NHS mixing. EDC reacts with the carboxyl groups
of the antibodies to form amine-reactive o-acylisourea intermedi-
ates. Addition of NHS stabilizes the amine-reactive intermediate
and increases the efficiency of EDC-mediated coupling reactions.
In situ activation of anti-cTnT antibodies yields NHS-ester-
terminated Fc regions that are susceptible to nucleophilic attack
from amines on the electrode surface to form stable amide bonds
[32]. Oriented anti-cTnT immobilization by Fc terminal improves
the sensitivity and selectivity of the immunosensor by exposing
the Fabs, which exhibit a high affinity towards epitopes of the cTnT
antigens.
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Fig. 4. 2D and 3D AFM images of the CNT-SPE (a) as manufactured, (b) after electrochemical pretreatment and (c) after anti-cTnT immobilization.

The amount of antibody immobilized on the electrode surface
also affects the sensitivity of the immunosensor. In order to obtain
a maximal efficiency on the attached anti-cTnT to electrode sur-
face, the exposure time to the EDC/NHS by anti-cTnT was opti-
mized. Herein, the exposure time ranged from 15 min to 120 min

with anti-cTnT at 5 ug mL~!. It was observed an increase of the
exposure time with increase of the DPV peaks, reaching a plateau
at 90 min (Fig. S1—Supplementary data). In this instant, a maximal
amount of anti-cTnT Fc portions were activated resulting in more
amide bonds with the NH,-CNTs.
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3.3. Assembling the SPE

In Fig. 5a, the CV of the CNT-SPE as manufactured shows a AE,
of 0.68 V (curve I). After electrochemical pretreatment (curve II),
the AE, decreased to 0.38V, which illustrates a decrease of
electron transfer resistance by removing of organic contaminants
or impurities from the electrode surface. On the other hand, when
the anti-cTnT was pipetted on the CNT-SPE it was, observed a
decrease in the redox peaks as a result of electron-transfer
inhibition due to the insulating nature of the antibody (curve III).
The blocking effect to non-specific binding was observed after
incubation with glycine (50 mmol L) (curve IV). The negatively
charged glycine acts by hindering the electron transfer between
the anionic species of the electrolyte and the electrode surface, as
demonstrated by a slight reduction in redox peaks.

CNT-SPE assembly also was evaluated by EIS. The electrodes
were submitted to an electrochemical cell with Ks[Fe(CN)g]/K4
[Fe(CN)g] (5 mmol L~!) prepared in PBS (10 mmol L™, pH 7.4).
According to the Nyquist plot showed in Fig. 5b, it was observed,
after electrochemical pretreatment a reduction in the charge-
transfer resistance (R.) from 5805 €2 (curve I) to 665 L (curve
Il), by decreasing the diameter of the semicircles. Immobilization
of the anti-cTnTs were confirmed by an increase in the R, (768 €,
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Fig. 5. Stepwise the CNT-SPE preparation: (curve I) as manufactured, (curve II)
after electrochemical pretreatment, (curve III) anti-cTnT/CNT-SPE, (curve IV)
glycine/anti-cTnT/CNT-SPE (a) CVs and (b) Nyquist plots in Ks[Fe(CN)g]/K4[Fe
(CN)s] (5 mmol L) prepared in PBS (10 mmol L~ !, pH 7.4).
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curve III), due to their insulating nature. Glycine, the blocking
agent, also was linked on the electrode surface as confirmed by an
increase in the diameter of the semicircle (R;=966 Q, curve IV).
These results are in accordance with those obtained using CV.

In order to study electron diffusion at the sensor interface,
glycine/anti-cTnT/CNT-SPEs were submitted to different scan
rates. The electrodes were immersed in an electrochemical
cell containing Ks[Fe(CN)g]/K4[Fe(CN)s] (5 mmolL~') in PBS
(10 mmol L=, pH 7.4) as the redox probe, and voltammograms
were registered (Fig. S2—Supplementary data). The currents of the
anodic peak (Ip,) and the cathodic peak (I,:) increased linearly
with the square root of the scan rate (Fig. S2—Supplementary data,
inset). The following linear regression equations then were calcu-
lated: I,,=14.8570"24+21.502 (r=0.999) and I,.= —14.0350"%-
33.578 (r=0.996). These equations suggested a diffusion-con-
trolled process. The electroactive surface area of the glycine/anti-
cTnT/CNT-SPE was calculated according to the Randles-Sevcik
equation [22] to be 0.047 cm?.

3.4. Experimental conditions

Optimal experimental conditions for immunosensor detection
were investigated according to the pH and ionic strength of the
buffer (PBS). Electrostatic intermolecular forces of the electrolyte can
affect electron transfer on the electrode surface [33]. The pH of PBS
(10 mmol L) was varied from 5.5 to 8.0; the current increased
proportionately with the pH achieving a maximal current peak at pH
6.5 (Fig. S3a—Supplementary data). Therefore, pH 6.5 was adopted
for all remaining measurements. The ionic strength was varied from
0.01 mmol L=! to 10 mmol L™, and steady state was achieved at
5 mmol L~ (Fig. S3b—Supplementary data).

Additional parameters affecting immunosensor performance
include the immobilized antibody load and the incubation time of
the cTnT. The anti-cTnT antibody concentration was varied from
0.01 pg mL~! to 10 g mL~". The current response to a fixed con-
centration of cTnT (0.05 ng mL~!) in PBS was proportional to the anti-
¢TnT concentration with a plateau at approximately 5 pig mL~ " anti-
cTnT (Fig. S4a—Supplementary data). At this anti-cTnT concentration, a
40 min incubation time was optimal as demonstrated by a plateau in
the curve (Fig. S4b—Supplementary data), which suggested maximal
antigen-antibody interaction.

3.5. Analytical response to the cTnT

Under optimized experimental conditions, the calibration curve
of the immunosensor was obtained. The electrodes were incu-
bated in various concentrations of cTnT for 40 min and then were
submitted to DPV measurements in the presence of Kz[Fe(CN)g]/
K4[Fe(CN)s] (5 mmol L~') in PBS (5 mmol L~', pH 6.5). The cali-
bration curve indicated a gradual decrease in DPV current peaks
with increased cTnT concentrations (Fig. 6a). When the data were
adjusted to a linear regression equation, Al=3.25*Ccrr+4.2, a
correlation coefficient of 0.995 (p<0.0001, n=7) and a low
relative error («1%) were obtained (Fig. 6a, inset). Based on the
RSD of the blank and the slope of the calibration curve, the LOD
was calculated as: LOD=3(RSD/slope) [34]. CNT-SPEs exhibited a
lower LOD (0.0035 ng mL~!) than previously described for ¢TnT
electrochemical immunosensors [15-18]. One of limitations
encountered for these labeled immunosensors is associated with
the interaction or passivation of the electrode by requirement of
an enzyme substrate or chemical mediator [35]. Moreover, limita-
tions related to Michaelis-Menten kinetic imply an increase in the
analyses time and a reduced sensitivity.
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infarcted and (curve II) non-myocardial infarcted patients. Error bars are based on
the standard deviation of three replicates.

3.6. Repeatability and reproducibility

The repeatability of the CNT-SPE was evaluated by replicate
measurements of a single electrode in response to 0.05 ng mL~' cTnT

under optimized experimental conditions. An RSD value of 3.2% was
found for five successive determinations corresponding to a good
repeatability of the immunosensor. The reproducibility was also
evaluated using ten CNT-SPEs manufactured on different days and
measured in response to 0.05 ng mL~! ¢TnT. The obtained RSD was
3.8%, which implies a good reproducibility and repeatability in the
fabrication procedures.

3.7. Determination of cTnT in serum samples

Fig. 6b shows the amperometric responses of the CNT-SPEs to cTnT
serum samples. The immunosensor measurements were compared
with those using ECLIA. The results showed good agreement with
ECLIA at a 95% confidence level when the paired t-test was applied.
The calibration plot exhibited a good linear correlation (r=0.990,
p<0.0001), and a linear range of detection was observed between
0.005 ng mL~ ! and 0.065 ng mL~ ! cTnT. This range is comparable to
the clinical range, which is associated with a cutoff of 0.01
ng mL~ ! ¢TnT [36]. The LOD of CNT-SPEs for cTnT in serum samples
was found to be approximately 0.007 ng mL~".

The matrix effect on the analytical response of CNT-SPEs also
was evaluated (Fig. 6¢). Blood serum from a non-myocardial
infarction subject was diluted 1:1, 1:10, 1:50, 1:100, 1:500, and
1:1000 and then was compared to a myocardial infarction subject's
serum, containing 0.01 ng mL~' cTnT. All dilutions were carried out
using PBS (10 mmol L™, pH 7.4). The serum dilution curve obtained
from the non-myocardial infarction subject (curve I) was main-
tained practically constant, showing a non-matrix effect. This
proposed label-free immunosensor is simpler, more rapid, and more
practical for cTnT detection in blood serum and can be carried out
by one-step manufacturing in addition to low cost requirements.

4. Conclusions

A disposable CNT-SPE was developed for the measurement of
cTnT in blood serum. The incorporation of NH,-CNT into the
carbon ink enabled a more stable measurement and an oriented
anti-cTnT immobilization leading to a high sensitivity. Addition-
ally, the platform dispensed chemical mediators, compounds or
polymers to anchor the CNTs. The CNT-SPE described in this study
achieved a high sensitivity and a low LOD (0.0035 ng mL~') of
cTnT compared to others electrochemical immunosensors. The
linear range was obtained within cTnT clinical levels for AMI
diagnostics, although further validation studies with real samples
are required before clinical use.
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